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SUMMARY
The virulence of 31 herpes simplex virus type 1 x herpes simplex virus type 2 intertypic recombinants was determined following intraperitoneal inoculation into CBA mice. Only eight of the recombinants killed any of the mice and of these, only one recombinant was as virulent as its type 2 parent, the other seven recombinants being intermediate between their type 1 and type 2 parental viruses in virulence. These results indicate that most heterotypic combinations are attenuated independently of the virulence of the parental viruses and therefore that the virulence of HSV is controlled multigenically.
Serotypes of herpes simplex virus (HSV) are not homogeneous in their virulence properties, isolates of HSV type 2 (HSV-2) normally being more neurovirulent than isolates of HSV type 1 (HSV-1) when inoculated intragenitally, intramuscularly or intracerebrally into experimental animals such as rabbit (Plummer et al., 1968) , guinea-pig (Scriba & Tatzber, 1981) or mouse (Nahmias et al., 1969; McKendall, 1980) . In addition, antigenic and molecular distinctions within (subtype variations) and between the viruses of the two serotypes have been extensively characterized. Nevertheless the two serotypes are sufficiently related to permit the formation of viable intertypic recombinants (Timbury & Subak-Sharpe, 1973; Halliburton et al., 1977 ; Morse et al., 1977; Halliburton, 1980) which supply a means with which to examine the interrelationships between the detailed molecular genetics of the virus and aspects of its virulence in mice. Provided that the virulence of the type 2 parental strain can be clearly distinguished from that of the type 1 parental strain following inoculation into mice, then the virulence of each intertypic recombinant can be classified as type 1-or type 2-like and by correlation of these data with the restriction endonuclease profiles of the DNA of the recombinants, the position of the genes involved in type 2 virulence can, in theory, be mapped.
The intertypic recombinants used were those isolated by Halliburton et al. (1977 Halliburton et al. ( , 1980 and Morse et al. (1977) . The parental viruses used in the isolation of these recombinants were HFEM, 17 and KOS (type 1) and 3345, G and 186 (type 2) and the requirements were to select a strain of mouse and a route of inoculation and to establish the optimum doses of virus which would discriminate the HSV-2 from the HSV-1 strain.
In the first experiments a type 1 strain (HFEM) or a type 2 strain (3345) was inoculated directly into the brains (intracranial, i.c.) of 4-to 6-week-old inbred CBA, BALB/c or C3H mice anaesthetized with Avertin. Groups of five mice were inoculated with 0.1, 1, 10, 100 or 1000 p.f.u, of virus in 20 ~tl. The groups were either males or females, the use of groups of each being randomized in all experiments. The viruses were always titrated on the day of injection and the precise virus titre inoculated was therefore determined. The groups of mice were examined daily for 21 days. The results are shown in Table 1 expressed as the number of mice that died (death always being preceded by monoplegia or paraplegia) relative to the number inoculated. Animals Short communication number of mice dead/number inoculated.
surviving longer than 3 weeks remained free of acute disease. Different strains of mice are known to respond differently to inoculation with the same virus (Lopez, 1975) but regardless of the strain of mouse used in this study, although the type 2 strain might be slightly more virulent than the type 1 strain following i.c. inoculation, the difference is clearly too small to justify continuation of the same experiments with intertypic recombinants. A different route of inoculation was therefore tried, namely intraperitoneal (i.p.). Groups of five mice were inoculated with 0-1 ml of virus containing 104, 10 s, 10 6, 107 or 108 p.f.u. A marked difference in the virulence of the type 1 and type 2 strains was obtained (Table 1) ; inoculation of the type 2 strain (3345) clearly resulted in the death of some mice with each mouse strain whereas the type 1 strain (HFEM) was completely avirulent. The latter finding is perhaps scarcely surprising since during the passage history, strain HFEM was maintained for years by passage through mouse brains (Wildy et al., 1960) . This does, however, provide a particularly suitable model in which to examine the virulence of intertypic recombinants isolated from mixed infections of HFEM and 3345. However, since we wished to examine additional recombinants which were not derived from such mixed infections, the virulence of each of the parental strains of the intertypic recombinants was examined following i.p. injection of CBA mice (Table 2 ). In each appropriate pairwise combination (with respect to the intertypic recombinants), the type 2 strain was more virulent than the type 1 strain but intratypic differences, as has been found by other workers (Schneweis et al., 1984) were also clearly apparent, strain 17 in particular being as virulent as strain 3345. The i.p. route of inoculation in CBA mice did, however, clearly provide a suitable system for studying the virulence of the intertypic recombinants.
Groups of least four CBA mice (aged between 4 and 6 weeks) were inoculated i.p. with l02, 103, 104, 10 s and 10 6 p.f.u, per 0.1 ml of a total of 31 intertypic recombinants. All recombinants grow well in tissue culture and are well characterized (Halliburton et al., 1977 Halliburton, 1980; Morse et al., 1977 Morse et al., , 1978 . The minimum number of mice inoculated with a virus in any one experiment was 20. The results with the wild-type viruses and with all recombinants are shown in Table 2 and Fig. 1 . There were two immediate problems : (i) very few recombinants are type 2-like, i.e. killed mice (23 of the 31 recombinants used killed none of the mice inoculated and are indicated in Fig. 1 as being apathogenic) and (ii) those which did kill mice were generally less virulent than their type 2 parental strain. With regard to the viruses that did kill mice, RB74 was as virulent as its parental type 2 virus (3345) whereas RB2o was much less pathogenic. Each of these recombinants possessed almost all of the type 2 genome since no type 1 DNA has been detected on analysis with five restriction endonucleases . However both recombinants were neutralized by type 1-and by type 2-specific antisera (Fig. 1) and must therefore have at least some small crossover(s) to type 1 DNA. Recombinant A8E was as pathogenic as RB74 but here the type 1 parental virus (strain 17) was a particularly pathogenic type 1 strain and one cannot conclude that the recombinant was behaving like its 
1437 * Viruses are grouped with parental type 1 strain followed by parental type 2 strain and intertypic recombinants isolated from a mixed infection of these strains.
t Values given are the number of mice dead/number inoculated. :~ ND, Not done. type 2 parental virus. Likewise C5D was indistinguishable from its type 1 parental strain but D1E4, D1E5, D4E2 and D5E2 could be intermediate in pathogenicity between their type 1 and type 2 parental strains although the number of mice killed by D1E5 and D5E2 was very small. The fact that only one recombinant (RB74) of 31 tested was as virulent as its parental type 2 strain together with the fact that these recombinants possess crossovers at such a variety of places affecting the entire genome (Fig. 1) by itself suggests that effects on multiple genes may affect virulence. Of the eight viruses that killed any mice, one specified a type 1 thymidine kinase (TK), five specified a type 2 TK and two specified no detectable TK (Fig. 1) . There is therefore no obvious correlation between TK and the virulence of the recombinant in these experiments. Certainly it seems likely that D1E4 and particularly D4E2 are expressing type 2 (Morse et al., 1977; Halliburton et al., 1980) . * Type 1-and type 2-specific (absorbed) sera were prepared as described by Halliburton et al. (1980) .
A plus sign indicates neutralization of virus infectivity and a minus sign lack of neutralization relative to pre-incubation of the virus with preimmune (absorbed) serum . ] Thymidine kinase specified by the recombinants was typed as type 1 (T1) or type 2 (T2) or the recombinant was identified as inducing no TK (-) by studies on the thermolability of enzyme activity, neutralization with type 1 and type 2 antiserum and agar gel immunodiffusion with type 1 or type 2 TK antiserum . Taken from Table 2 . 'Apathogenic' refers to a situation in which no mice were killed following i.p. inoculation of the virus. 'Pathogenic' indicates that the number of mice killed by the recombinant was comparable to the number killed by the parental type 2 strain. '(Pathogenic)' indicates that the recombinant did kill some mice but less than the proportion killed by the parental type 2 virus.
§ RS l a does give a precipitin line in agar gel immunodiffusion with type 2 TK antiserum but grows in the presence of 5-bromodeoxyuridine and shows no assayable TK activity . genes involved in pathogenesis although the crossovers have still clearly affected that pathogenesis. The type 2 DNA possessed by these two recombinants might therefore possess genes coding for proteins directly involved in virulence. Fig. 1 indicates that for D4E2 this is DNA from at least 0.175 to 0.220 and at 0.395 to 0.410 map units and for D1E4 the minimal type 2 DNA is from 0 to 0.220, 0.295 to 0.430 and 0.705 to 1.000 map units.
One can however gain further information by analysis of the recombinants that did not kill mice. Thus by comparing the limits of such DN A one might be able to locate relevant genes. Fig.  1 shows the map limits of the regions of type 2 DNA missing from 19 of the 23 avirulent recombinants, the remaining four containing only type 1 (RS12) or type 2 (RB2s, RB51, RB53) DNA in the analysis with the five restriction endonucleases. There was no single region of type 2 DNA missing from all these recombinants and therefore again there is no direct evidence of a single gene product being responsible for virulence. Moreover, D 1 E1 lacked type 2 DNA only from 0.910 to 1.000 map units and C1D and C2D lacked type 2 DNA from 0.425 to 0.585 map units. The other apathogenic recombinants all lacked type 2 DNA from 0.225 to 0.285 and 0.530 to 0.594 map units. Any or all of these four regions could therefore contain genes specifying polypeptides involved in virulence. It is interesting that D4E2 was virulent whereas the closely related D4E1 (Morse et al., 1977) was totally avirulent with the only detected difference around 0.395 to 0.410 map units, which suggests that this area may be particularly important in pathogenesis. Moreover RB51 and RB53 had restriction endonuclease maps identical to that of HSV-2 in analyses to date suggesting that very subtle crossovers perhaps affecting single genes can on occasion make viruses totally avirulent. R6sen & Darai (1985) found RB50 to be pathogenic in the tree shrew and Thompson et al. (1983 Thompson et al. ( , 1985 using mice and R6sen et al. (1985) using tree shrews have reported that the HSV-1 DNA region from 0.710 to 0.830 map units is especially associated with the function responsible for neurovirulence. Centifanto-Fitzgerald et al. (1982) have also shown that this region of HSV-1 contains genes that control the pattern of corneal involvement in the case of herpetic eye disease have shown that recombination of the HpaI P fragment (map coordinates 0-762 to 0.787) of the pathogenic strain F into the apathogenic strain HFEM results in a virus that is pathogenic for mice when inoculated by the i.p. route although the resulting pathogenicity differs markedly according to the strain of mouse used R6sen et al., 1986) . The study does not specifically implicate this region of the genome but those results taken together with the data presented here clearly show that the virulence of HSV is controlled multigenically, a conclusion which has also been reached for pseudorabies virus by Lomniczi et al. (1984) .
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